Two novel, Gram-stain-variable, moderately thermophilic, acidophilic, rod-shaped, endosporeforming bacteria, G45-16 T and G45-17, were isolated from acid mine water of Zijin copper mine in Fujian Province, China. Phylogenetic analysis of 16S rRNA gene sequences showed that they were closely related to Alicyclobacillus acidoterrestris ATCC 49025 T with sequence similarities of 96.8 %. Cells grew aerobically at 20-45 8C (optimum, 40 8C), at pH 2.5-5.5 (optimum, pH 3.5) and in the presence of 0-4.0 % (w/v) NaCl. Strains contained MK-7 as the major menaquinone and the major cellular fatty acids were v-cyclohexane C 19 : 0 and v-cyclohexane C 17 : 0 . The DNA G+C content was 51.3 and 49.8 mol% (T m ) for G45-16 T and G45-17, respectively. On the basis of phenotypic, chemotaxonomic and phylogenetic comparisons with their relatives and DNA-DNA relatedness values, it is concluded that strains G45-16 T and G45-17 represent a novel species within the genus Alicyclobacillus, for which the name Alicyclobacillus fodiniaquatilis sp. nov. is proposed; the type strain is G45-16
Two novel, Gram-stain-variable, moderately thermophilic, acidophilic, rod-shaped, endosporeforming bacteria, G45-16 T and G45-17, were isolated from acid mine water of Zijin copper mine in Fujian Province, China. Phylogenetic analysis of 16S rRNA gene sequences showed that they were closely related to Alicyclobacillus acidoterrestris ATCC 49025 T with sequence similarities of 96.8 %. Cells grew aerobically at 20-45 8C (optimum, 40 8C), at pH 2.5-5.5 (optimum, pH 3.5) and in the presence of 0-4.0 % (w/v) NaCl. Strains contained MK-7 as the major menaquinone and the major cellular fatty acids were v-cyclohexane C 19 : 0 and v-cyclohexane C 17 : 0 . The DNA G+C content was 51.3 and 49.8 mol% (T m ) for G45-16 T and G45-17, respectively. On the basis of phenotypic, chemotaxonomic and phylogenetic comparisons with their relatives and DNA-DNA relatedness values, it is concluded that strains G45-16 T and G45-17 represent a novel species within the genus Alicyclobacillus, for which the name Alicyclobacillus fodiniaquatilis sp. nov. is proposed; the type strain is G45-16 T (5CGMCC 1.15049 T 5NBRC 111483 T ).
The genus Alicyclobacillus was first proposed by Wisotzkey et al. (1992) . The type species is Alicyclobacillus acidocaldarius (Darland & Brock, 1971; Wisotzkey et al., 1992) . As of May 2015, the genus contained 21 species with validly published names, and two subspecies (https://www.dsmz. de/bacterial-diversity.html and http://www.bacterio.net/ alicyclobacillus.html). This genus was characterized as moderately thermophilic, acidophilic, strictly aerobic and endospore-forming, members of which have been found in various habitats such as acidic geothermal environments (Hiraishi et al., 1997; Nicolaus et al., 1998; Simbahan et al., 2004; Jiang et al., 2008 Jiang et al., , 2009 , soil (Hippchen et al., 1981; Tsuruoka et al., 2003) , spoiled fruit-based beverages Nakano et al., 2015) and mine drainage . The presence of v-alicyclic fatty acids (v-cyclohexane or v-cycloheptane) as the major membrane lipids was another important characteristic for most members of the genus Alicyclobacillus, except Alicyclobacillus pomorum (Goto et al., 2003) , A. macrosporangiidus, A. contaminans (Goto et al., 2007) , A. pohliae (Imperio et al., 2008) , A. ferrooxydans (Jiang et al., 2008) and A. aeris . In this study, we describe the taxonomic characteristics of two novel strains, G45-16 T and G45-17, of the genus Alicyclobacillus isolated from acid mine water.
Strains G45-16
T and G45-17 were isolated from acid mine water samples from Zijin copper mine of Shanghang county, Fujian Province, China. Samples were incubated at 40 8C for 7 days using Bacillus acidocaldarius medium (BAM) (Deinhard et al., 1987a; Goto et al., 2007) . For enrichment of the acidophiles, the pH was adjusted to 3.0 with 1 mol l 21 H 2 SO 4 . After three enrichment steps, the culture was serially diluted (10-fold) in tubes containing 0.9 ml BAM broth. Dilutions of 0.2 ml were spread on BAM agar plates to cultivate separated colonies. Further purification of single colonies was carried out by repeatedly streaking on the BAM agar plates. The purity of each strain was checked by 16S rRNA gene sequence analysis and the morphological homogeneity of the culture by light microscopy (Axiostar plus; Zeiss).
Alicyclobacillus acidoterrestris DSM 3922
T and Alicyclobacillus fastidiosus DSM 17978 T were obtained from the Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ).
Unless otherwise indicated, these reference type strains plus G45-16 T and G45-17 were cultured in either BAM liquid or BAM agar medium (Deinhard et al., 1987a) . Cell growth was estimated by measuring turbidity at 600 nm using a UV/ visible spectrophotometer (Biospec-1601; Shimadzu).
Strains G45-16
T and G45-17 were cultivated at 40 8C for morphology and flagella observation by transmission electron microscopy (JEM-1400; JEOL) and scanning electron microscopy (Quanta 200; FEI). Gram-staining was performed using the staining method described by Smibert & Krieg (1994) . Motility was observed by light microscopy and endospore formation was determined microscopically by staining with malachite green (Schaeffer & Fulton, 1933) . The initial pH range for growth was determined at 40 8C (pH 2.0-6.0 at intervals of 0.5 pH units) in BAM. The temperature range (10-65 8C at intervals of 5 8C) for growth was examined in BAM at pH 3.5.
Acid formation from sugars was tested using API 50 CH test strips (bioMérieux) in BAM at pH 4.0, which contained only 0.5 g yeast extract l 21 without additional carbohydrates and supplemented with 0.03 mg bromophenolblue l 21 as an indicator, performed according to Albuquerque et al. (2000) . The strips were incubated at the optimum growth temperature for each strain. The colour change of the medium from blue to yellow was regarded as indicating acidification of the carbon source by metabolism. API 20NE test strips (Sysmex) were used for tests of glucose fermentation, arginine dihydrolase, gelatin, urease and aesculin hydrolysis (b-glucosidase), b-galactosidase, nitrate reduction and indole production from tryptophan. Other enzyme activities were assessed with API ZYME (Sysmex) or general plate methods, as described by Hudson et al. (1986) . Other biochemical tests were conducted using the methods of Darland & Brock (1971) , Deinhard et al. (1987a, b) , Albuquerque et al. (2000) and Goto et al. (2002) . All tests were conducted in triplicate. Anaerobic growth was tested on BAM or BAM supplemented with elemental sulfur Cellular fatty acids were extracted as described by Guo et al. (2009) and were quantified by GC (Hewlett Packard 6890) using the Sherlock Microbial Identification System following the manufacturer's instructions (Microbial ID) (Goto et al., , 2007 . The quinones were extracted with chloroform/ methanol (2 : 1, v/v) from freeze-dried cells (200 mg) and were separated from other components by using the TLC method. The purified quinones were analysed using an HPLC device equipped with an eclipse XDB-C18 column (4.66150 mm; Agilent) as described previously (Jiang et al., 2008) .
Bacterial genomic DNA was extracted and purified using an Ultraclean Microbial DNA Isolation kit (MO BIO Laboratories). The DNA G+C content was determined by the thermal denaturation method (Marmur & Doty, 1962) with DNA from Escherichia coli K-12 as a reference. The 16S rRNA genes of strains G45-16
T and G45-17 were amplified with primers 27f (59-AGAGTTTGATCTTGGCTCAG-39) and 1492r (59-TACGGCTACCTTGTTACGACTT-39) and sequenced. 16S rRNA gene sequence similarities with their phylogenetic neighbours were calculated using the EzTaxon server version 2.1 (http://eztaxon-e.ezbiocloud.net/) (Kim et al., 2012) , and positions with insertions or deletions were excluded during calculations. Alignments of 16S rRNA gene sequences of the new isolates and the type strains of all recognized species of the genus Alicyclobacillus were performed with the CLUSTAL X program, version 1.64b (Thompson et al., 1997) . Phylogenetic trees were then reconstructed with the MEGA v. 6.0 program (Tamura et al., 2013) using the neighbour-joining (Saitou & Nei, 1987) , maximum-parsimony (Fitch, 1971) and maximum-likelihood (Felsenstein, 1993) algorithms. The neighbour-joining tree was generated with Kimura's twoparameter method. The maximum-parsimony tree was reconstructed using tree-bisection-reconnection with 10 initial trees. Maximum-likelihood analysis was based on the MODELTEST scores, the general time reversible model together with gamma distribution and invariant sites (GTR+G+I) and the best fitting data. The robustness of the topology in the phylogenetic trees was evaluated by bootstrap analyses based on 1000 resamplings (Felsenstein, 1985) .
DNA-DNA hybridization experiments were performed by the thermal denaturation and renaturation method, as described in detail by De Ley et al. (1970) and modified by Huss et al. (1983) using a Perkin Elmer Lambda 35 UV/VIS spectrophotometer with a thermal controller. Three independent DNA samples for every strain were used for each hybridization experiment and the results reported are mean values.
Cells of strains G45-16 T and G45-17 were Gram-stain-variable, aerobic, endospore-forming, straight rods (Fig. S1 , available in the online Supplementary Material). Flagella were not observed. Catalase and oxidase were negative. Colonies of the strains grown on BAM agar plates were light yellow after 5-6 days of incubation, and gradually changed to yelloworange after 9-10 days. Colonies were circular and flat with diameters of 1-2 mm and had margins that were not smooth.
The strains grew well under acidic and moderately high temperature conditions with a pH range of 2.5-5.5 (optimum at pH 3.5) and a temperature range of 20-45 8C (optimum at 40 8C). All strains grew in BAM containing 0-4 % (w/v) NaCl, but no growth occurred at a concentration of NaCl of more than 4 %. No growth occurred under anaerobic conditions on elemental sulfur, ferrous iron or potassium tetrathionate. Detailed results of phenotypic characteristics are given in the species description and the main differences among strains G45-16 T and G45-17 and the type strains of related species are given in Table 1 .
The predominant cellular fatty acids for strain G45-16 T were v-cyclohexane C 17 : 0 (68.4 %), v-cyclohexane C 19 : 0 (22.1 %), anteiso-C 12 : 0 (2.2 %), anteiso-C 17 : 0 (1.5 %) and anteiso-C 13 : 0 (1.1 %); the predominant cellular fatty acids of strain G45-17 were almost the same, consisting of v-cyclohexane C 17 : 0 (61.6 %), v-cyclohexane C 19 : 0 Oxidase 2 2 2 2 2 2 2 2 2 + ND 2 + 2 2 2 2 2 2 2 2 + Catalase 2 2 + + 2 2 + + 2 + ND 2 + 2 + W + W + 2 + + Hydrolysis of: Gelatin W W + + + + 2 + ND 2 2 + 2 + + 2 2 2 2 2 ND ND Starch 2 2 2 2 + + 2 + + 2 + 2 + 2 + 2 2 2 2 2 ND ND Indole production 2 2 2 2 ND 2 2 2 ND ND ND 2 + 2 ND 2 2 2 2 2 ND ND Voges-Proskauer reaction 2 2 2 ND 2 W W ND ND ND 2 2 2 ND 2 2 2 2 2 ND + Acid production from: Glycerol 2 2 + 2 + + 2 + + 2 + + 2 + + + + 2 2 2 + + Erythritol 2 2 + 2 2 2 2 2 2 2 2 ND ND 2 2 2 2 V 2 ND 2 2 2 2 2 2 + 2 + 2 2 + + 2 2 V + + 2 + 2 2 2 2 Rhamnose 2 2 2 + 2 + 2 + 2 + 2 + 2 V 2 + + + 2 2 2 2 Inositol + + + + 2 2 2 2 + 2 2 ND ND 2 2 2 2 V 2 ND 2 2 Mannitol + + + + + + 2 + + + 2 + 2 + + 2 + + + 2 2 + Sorbitol 2 2 + 2 2 2 + 2 2 + + + + 2 2 + 2 + 2 2 2 2 Methyl a-D-mannoside 2 2 + 2 + 2 2 2 2 2 ND 2 + 2 2 + + + 2 2 2 2 Methyl a-D-glucoside 2 2 2 2 + + + + W 2 + ND ND 2 + 2 + + 2 ND 2 + Amygdalin 2 2 2 2 + 2 2 2 2 2 + 2 2 2 + 2 + + 2 + 2 2 Arbutin W W 2 2 + + + + W 2 2 2 2 + 2 2 + + + + 2 + Aesculin + + 2 2 + 2 + + 2 + + + + + + + + + + + 2 2 Salicin 2 2 2 2 + + + + 2 2 2 2 2 V + + + + + + 2 + Cellobiose 2 2 + 2 + + + + + 2 + 2 + 2 2 + + + + 2 + Maltose 2 2 + 2 + + + + + 2 + 2 2 + + + + + + + 2 + Lactose W W + 2 + + + + 2 2 2 2 2 V 2 + + + 2 + 2 + Melibiose 2 2 W + 2 + 2 + + 2 + 2 2 2 2 2 + 2 + + 2 2 Sucrose 2 2 + 2 + + + + + 2 + 2 2 + + + + + + + 2 + Trehalose + + + + + + + + + 2 2 2 + + + + + + + 2 2 + Inulin 2 2 2 2 + + 2 2 2 2 ND ND ND 2 ND 2 ND 2 2 ND 2 2 Melezitose 2 2 2 2 + + + 2 2 2 + ND ND 2 2 2 + V 2 ND 2 2 Raffinose W 2 2 + 2 + + + + 2 + ND ND 2 2 2 + 2 2 ND 2 + Glycogen 2 2 2 2 + + 2 + + 2 + ND ND 2 2 2 2 2 2 ND 2 + Xylitol 2 2 + 2 2 2 + 2 2 2 ND ND ND 2 2 + 2 + 2 ND 2 2 Gentiobiose 2 2 2 2 W + + 2 2 2 ND 2 2 V 2 + + + + + 2 2 Turanose 2 2 2 2 + + + 2 + 2 2 2 + 2 + 2 + + 2 + 2 + D-Lyxose 2 2 2 + + 2 2 2 2 + ND 2 + 2 2 + 2 + 2 2 2 2 D-Tagatose 2 2 2 + + 2 2 2 2 + + 2 + V + 2 2 V 2 2 2 2 D-Fucose 2 2 2 + + 2 2 2 2 2 + ND ND 2 2 2 + 2 2 ND 2 2 L-Fucose 2 2 2 + + 2 2 2 2 2 ND ND ND 2 ND 2 ND 2 2 ND 2 2 D-Arabitol 2 2 2 2 + 2 2 2 2 2 ND ND ND 2 2 + ND + 2 ND 2 2 5-Ketogluconate 2 2 2 2 + 2 2 2 W + + + + + + 2 + 2 2 + 2 2 (23.4 %), anteiso-C 12 : 0 (2.0 %), C 18 : 0 (2.0 %) and C 16 : 0 (1.9 %). Most strains of the genus Alicyclobacillus (Table S1) contained the v-cyclohexane fatty acids (v-cyclohexane C 17 : 0 and v-cyclohexane C 19 : 0 ), which were reported to be characteristic of the genus (Wisotzkey et al., 1992; Nakano et al., 2015) . The major respiratory quinone of both strains was menaquinone-7 (MK-7). The DNA G+C contents of strains G45-16 T and G45-17 were 51.3
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A. acidocaldarius subsp. rittmannii DSM 11297 T (AB089859)
Alicyclobacillus genomic species 1 DSM 11984 (AB059668)
Alicyclobacillus genomic species 2 MIH 332 (AB060165)
Alicyclobacillus sendaiensis JCM 11817 T (AB222247)
Alicyclobacillus ferrooxydans TC-34 T (EU137838)
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Alicyclobacillus contaminans together. Bacillus subtilis IAM 12118 T (AB042061) was used as an outgroup. GenBank accession numbers are given in parentheses. Numbers at branch nodes represent confidence levels (values .50 % are shown) from 1000 replicate bootstrap samplings. Filled circles indicate branches that are also found in trees generated with the maximum-parsimony and maximumlikelihood algorithms. Bar, evolutionary distance (K nuc ) of 0.02. and 49.8 mol% (means determined in three different assays), respectively, which were within the range reported previously for species of the genus Alicyclobacillus (48.7-62.7 mol%).
The nearly complete 16S rRNA gene of the strains was amplified and sequenced. Sequence analysis showed that both G45-16 T and G45-17 were phylogenetically related to members of the genus Alicyclobacillus, with 16S rRNA gene sequence similarities from 83.8 to 96.8 % and 83.9 to 96.8 %, respectively. Strain G45-16 T shared highest similarity with A. acidoterrestris ATCC 49025 T (96.8 %). The neighbour-joining tree also showed that both strains clustered with the type strains of species of the genus Alicyclobacillus (Fig. 1) . The topology shown in Fig. 1 was also supported by the maximum-likelihood and maximumparsimony trees.
The DNA-DNA hybridization values between strains G45-16 T and G45-17 and their closest phylogenetic relative, A. acidoterrestris DSM 3922 T , were 29.8 and 34.0 %, respectively, values below the threshold value of 70 % proposed by Wayne et al. (1987) for bacterial species delineation. This confirmed that the novel isolates G45-16 T and G45-17 represented a distinct genospecies of the genus Alicyclobacillus. The DNA-DNA hybridization value between strains G45-16 T and G45-17 was 90.8 %, demonstrating that they were two members of the same species.
Based on the morphological, chemotaxonomic and phylogenetic features, we conclude that isolates G45-16 T and G45-17 represent a novel species of the genus Alicyclobacillus, for which the name Alicyclobacillus fodiniaquatilis sp. nov. is proposed.
Description of Alicyclobacillus fodiniaquatilis sp. nov.
Alicyclobacillus fodiniaquatilis (fo.di.ni.a.qua9ti.lis. L. fem. n. fodina mine; N.L. masc. adj. fodiniaquatilis isolated from mine water).
Cells are Gram-stain-variable, strictly aerobic, endosporeforming, non-motile straight rods with rounded ends (1.5-5.0 mm long and 0.5-0.8 mm wide). Colonies on BAM agar plates are circular, flat, opaque, light yellow and about 1.0-1.5 mm in diameter after 5-6 days of growth at 40 uC. Growth occurs over a temperature range of 20-45 uC (optimum at 40 uC), and a pH range of 2.5-5.5 (optimum pH 3.5). Cells could grow in the presence of 0-4.0 % (w/v) NaCl. Catalase-and oxidase-negative. Voges-Proskauer test, nitrate reduction and indole test are negative. Gelatin hydrolysis is weakly positive. Aesculin and b-galactosidase are hydrolysed, but L-arginine, urea and starch are not. In API ZYME strip tests, activities of alkaline phosphatase, esterase ( The type strain, G45-16 T (5CGMCC 1.15049 T 5 NBRC111 483 T ), was isolated from acid mine water. The DNA G+C content of the type strain is 51.3 mol%. G45-17 is a second strain of the species.
